In light emitting diodes (LED) consisting of GaN / InGaN / GaN quantum wells (QWs), the exact indium distribution inside the wells of the active region affects the performance of devices. Indium segregation can take place forming small InGaN clusters of locally varying composition. In the past, we used a local strain analysis from single HRTEM lattice images to determine the In composition inside the InGaN QWs with a resolution of 0.5 nm x 0.3 nm. Truly atomic resolution can be pursued by exploitation of intensity dependencies on the atomic number (Z) of the electron exit-wave (EW). In microscopes with sufficient sensitivity, local variations of amplitude and phase are found to be discrete with sample thickness, which allows for counting the number of atoms in each individual column of ~ 0.08 nm diameter. In QW's of ~ 17% of average indium concentration it is possible to discriminate between pure Ga columns and columns containing 1, 2, 3, or more In atoms because phase changes are discrete and element specific. The preparation of samples with atomically flat surfaces is a limiting factor for the application of the procedure.
INTRODUCTION
In recent years, gallium nitride (GaN) and its alloys (aluminum gallium nitride -AlGaN or indium gallium nitrideInGaN) have attracted special interest since the high brightness green, blue, and white light emitting diodes (LED's) became commercially available for solid state lighting 1 . Green and blue LED devices contain in the active region few Ångstrom (1Å = 10 -10 m) wide InGaN QW's sandwiched between a p-and a n-doped GaN matrix. The distribution of indium atoms in such wells can affect the device performance. A number of reports have shown that indium clustering takes places in InGaN QWs with 10-30% of In concentration 2, 3 . Indium concentrations around 45% for green light emission were experimentally never observed 4 . Quantitative measurements of the local indium concentration require high resolution transmission electron microscopy (HRTEM) studies or high annular angle dark field (HAADF) scanning transmission electron microscopy (STEM) investigations 5 . Progress with HRTEM enables the reconstruction of the electron exit waves (EWR) by holographic recording techniques from focal series of lattice images 6 (or from a single off-axis electron hologram 7 ) . Unlike lattice images which are beam interferrograms, both HAADF imaging and EWR can provide direct images of the crystal structure. In the past the measurement of lattice parameters from single HRTEM lattice images 2 was used to determine displacement fields and strain from which the local indium composition in the QWs can be derived with a resolution of 0.5 x 0.3 nm 2 . In this paper we determine the atomic In distribution from the amplitude and phase of EW images. We benefit from a resolution extension to sub Ångstrom values 8 and from a high sensitivity of the One Ångstrom Microscope (OAM) at NCEM that is aberration corrected to third order. Since the generated amplitude and phase values of the EW depend on the atomic number Z it possible to discriminate between gallium and indium atoms within one column at a well defined sample thickness. We use multi-slice calculations along with simulated EW images to test and discuss sensitivity, limits, and error bars. Using the comparison between simulations and experiment we find that our sensitivity suffices to detect one single indium atom in a column of gallium atoms inside the InGaN QW. Results obtained from strain mapping provide an intrinsic check of the methods validity that can be applied to any crystalline materials system. A major bottleneck affecting the success of quantitative measurements is the sample preparation to electron transparency for HRTEM (sample thickness < 10 nm). There are different approaches to prepare high quality samples such as a final low angle, low voltage argon (Ar + ) ion milling process after conventional mechanical dimpling 8 , the tripod polishing method showing promising results for oxides and ceramics 9 , or chemical etching after ion milling 2 . In this paper we establish the use of a focused ion beam (FIB) together with a wet etching process for the preparation of high quality GaN samples. The FIB method exhibits several advantages: it allows sample preparation from very small sample volumes, shows almost no preferential etching, and allows site-specific preparation. This makes this method very suitable for device characterization and failure analysis by TEM 10 .
METHODOLOGY

Reconstruction of the complex object exit wave function (EWR)
Today, processing of lattice images allows recovering the complex electron exit wave (EW) from a focal series of images using the FEI program package "TrueImage" that bases on the PAM/MAL algorithm by Coene and Thust 11, 12 . All focal series were taken with the OAM, a CM300 FEG/UT microscope. It exhibits a uniquely large signal to noise (S/N) ratio for the detection of phase changes that was tested with a gold sample 13 . Its ability to detect small signals was demonstrated by imaging light atom columns made from nitrogen in GaN, oxygen in sapphire, or carbon in diamond 8 . In the holographic reconstruction process the defocus dependence of lattice image patterns is eliminated and delocalization as well as lens aberrations up to the 3 rd order can largely be reduced 14 . A direct image of the crystal structure can be obtained with minimal distortions. Further, the procedure extends the resolution of microscope up to its information limit that can reach sub Ångstrom values of ~0.8Å 8, 15 . ), and HAADF-STEM imaging (~Z 1.7 ) for the detection of single atoms with atomic number. For gold our measured signal to noise (S/N) ratio is 5-6 (phase change of 0.53 rad per atom with 0.1 rad noise) A S/N ratio of 1 is considered to be the detection limit.
Unlike phase contrast imaging, incoherently scattered electrons are recorded on a ring detector in HAADF-STEM that produces direct crystal structure images without additional processing. The signal can increase almost quadratically with the atomic number Z giving the method the name "Z-contrast imaging" 16, 17 . Watanabe et al. 5 have used this method to measure In content in InGaN QWs with limited success due to noise problems. Figure 1 shows an estimate of sensitivity for HAADF-STEM and EWR, which can be utilized to understand and design experiments that aim for single atom detection 18 . It was generated measuring the signal to noise (S/N) ratio for the detection of a single gold atom by HAADF-STEM and EWR and utilizing theory for the extrapolation across elements of the Periodic Table. A S/N ratio of 1 is considered the detection limit. Phase contrast microscopy generally has a better S/N ratio for the detection of single atoms, and one can anticipate that even individual light atoms can be distinguished (Z > 5-10). Z-contrast microscopy allows for better discrimination between different elements because of the concave character (amplification) of the signal dependence on Z. Single atom sensitivity is obtained for elements with Z larger than about 40. For example, P. M. Voyles et al. 19, 20 recently reported the detection of single antimony (Sb, Z = 51) atoms in silicon (Z = 14) by HAADF-STEM imaging. This experiment could only be performed because of the appreciable Z difference of these elements (∆Z = 37). Single Sb atoms can be detected but single silicon atoms not (see noise level in Fig. 1 ). Our new method was tested on samples of gold. This material is exceptionally suitable for measuring the S/N ratios because of its large electron scattering power (large Z = 79) and the fact that samples can be prepared without any amorphous surface layers that mostly covers sample surfaces as a result of ion milling or oxidation 21 . Such layers reduce S/N ratios substantially. Figure 2a (top and bottom) shows the reconstructed amplitude and phase of the electron exit wave Ψ from a wedge of gold as produced by the TrueImage software. The channeling theory 22 and the related S-state model 23 describe the dynamical scattering of electrons in thin specimen in zone-axis orientation in a simple and intuitive way, thereby providing better transparency. It suggests retrieving a more direct interpretable electron wave function, namely the channeling wave Ψs, that is trapped at atomic columns instead of analyzing the total electron wave Ψ as calculated and shown in Fig. 2a . Ψs relates to Ψ by Ψs = (Ψ-Ψν) / Ψν where Ψν is the entrance (vacuum) wave. Figure 2b shows the amplitude and phase images of Ψs to be compared with Fig. 2a . Several predictions of the S-state model are verified: the amplitude of Ψs is strongly peaked at the atom column positions while the phase is constant and proportional to the column "weight" which is determined by the chemical nature of the atoms and their spacing along the column direction parallel to the electron beam. The amplitude of Ψs oscillates periodically (sinus) as function of thickness and the phase increases linearly with thickness with a phase change per atom that is characteristic for the considered element 24 . Extracting amplitude and phase at the column position from Ψs (Fig. 2b) and plotting it in an Argand diagram produces Fig. 3a (bottom) that can be verified by multi-slice calculations in Fig. 3a (top) . The discrete nature of the plot directly reveals that each atomic column is build from a distinguishable number of gold atoms. Sample thickness increases atom by atom along a counter clockwise rotation along the circle. However, the complex multi-slice calculations tend to mask the physical background of the underlying scattering processes and a more intuitive description can be obtained by data reduction to the framework of the channeling theory 24 . It should be noted that Sinkler and Marks 25 produced similar plots earlier but did not succeed in revealing the entire functional dependencies. We choose to refer to this description as a channeling map 24 . Again, its validity can be confirmed by multi-slice calculations (Fig. 3a (top) , Ψs plot from multi-slice calculations; simulated gold [110] wedge shaped sample with 10 atomic steps, 300 keV, debye waller = 0.5 Å -2 ). The full circle of the experimental channeling map consists of 12 data points each corresponding to one extra Au atom in the column. The phase change at a single gold atom is 2 pi/12 = 0.53 rad (see angular distribution in Fig. 3b) . Fitting Gaussians to the peaks of Fig. 3b , we extract a Further, the channeling map allows determining the height (thickness) of each column with single atom sensitivity and a 3-dimensional (3D) thickness map (Fig. 3c) can be obtained. Our current effort concentrates on an extension of this method to systems of different chemical elements and to columns with mixed chemical composition. Next, we use this approach to differentiate single indium -from gallium atoms in mixed In X Ga (1-X) atom columns (Z Ga = 31, Z In = 49, ∆Z = 18). 
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Proc. of SPIE Vol. 5187 57 one was recently grown. First a rough cutting with Ga ion accelerated by 30 keV was applied followed by a cleaning procedure at 10 keV 27 that reduces the amorphous layer thickness. Thereafter, the sample was removed from the FIB and a wet KOH etch was used for stripping the FIB induced side-wall damage and the Ga implant (details 28 ). Figure 4 shows a phase image of a reconstructed electron exit wave from a sample prepared in this manner. Only a very thin amorphous layer is present. Further, the chemical etching produced atomically flat crystal surfaces. They are desirable to avoid confusion between chemical-and thickness changes as will be discussed later. Ga and the N columns can be imaged and separated in [1120] orientation where the columns are only 1.13 Å apart (see line scan in Fig. 4b ). Maps of the local indium concentration were produced by analyses of strain 2 . In this approach a calibrated lattice expansion due to an incorporation of indium atoms is exploited that increases the local diameter of the InGaN c-axis of the projected unit cell that is shown in Fig. 5a . Figure 5b shows the resulting displacement field of a single InGaN QW in a green LED (for further details see 4 . The displacement field can be scaled and used for mapping of local indium concentration. The presence of an inhomogeneous In distribution is evident (see arrows). The determined averaged In content is 21.0±1.2% with an In (strain) fluctuation of about 6%. Figure 6a depicts a reconstructed electron exit wave of our recent InGaN / GaN sample at larger magnification together with a strain map (b) and a strain profile across the well (c). We measure an averaged In content (15±1%) in these InGaN QWs which is slightly smaller than the provided growth parameter (~17%) due to strain relaxation in the thin TEM foil (<5nm, see later discussion).
Strain analyses by HRTEM images
Single In atom detection
Considering an In concentration of 17% and a sample thickness of < 5nm close to the edge of the prepared HRTEM sample only 2-3 In atoms replace Ga atoms in each column on an average. This opens the perspective to try determining the In content column by column accounting for each single In atom. The high sensitivity of the OAM makes this task feasible. In atoms reside in a Ga column. If the thickness of the specimen is constant, the exchange of a Ga atom by an In atom leads to a well defined phase change while amplitudes are hardly affected (Fig. 7b) . The multi-slice simulations indicate a phase change per atom for Ga of about 0.161 rad and a phase change of an In atom that replaces a Ga atom of about 0.138 rad (~86% of a phase change per Ga atom). Simulated values depend on the chosen debye waller factor that describes the thermal vibration of the atoms and may cause discrepancies with the experiment. However, the ratio between the phase change per Ga atom (0.161 rad) and the phase change for an In atom at a Ga site (0.138 rad) can be extracted reliably (~86%). Figure 8a shows amplitude and phase of Ψs of an InGaN QW (indicated by arrows) in a GaN matrix. A channeling map from regions of pure GaN is shown in Fig. 8b (marked in the amplitude image in Fig. 8a) . The angular distribution of the data (Fig. 8c ) reveals the detection of single atomic steps and a phase change per Ga atom of 0.145 rad. This experimental value is slightly smaller than the calculated one of 0.161 rad. The discrepancy is and attributed to our estimate of the debye waller factor in the simulations. Considering a ~14% smaller phase increment for an exchange of a Ga -by an In atom, a phase increment of ~0.125 rad should occur if indium substitutes for gallium.
Im ( s)
Re (Ψs) The EW phase values extracted from Fig. 8a reveal a thickness gradient in this particular sample perpendicular to the sample edge as indicated by an arrow in Fig. 9a . We extract channeling maps for constant thickness in the GaN and assume that the thickness does not change in regions of InGaN. The considered regions are marked as area b and c in Fig. 9a . The GaN data in these two regions are 0.145 rad apart, which represents one atomic step in GaN. In both channeling maps from area b and c (Fig. 9b,c) a "green diamond" depicts the expected data point for pure GaN, and "red squares" show the data points for the substitution of 1, 2, 3 or 4 In atoms are in the Ga column. The angular data distribution is plotted in Fig. 9d together with our expectations of a 0.125 rad phase change per substituted In atom. We find satisfactory agreement. A further check of our approach can be performed by comparing the determined number of indium atoms with the data produced by strain measurements in Fig. 6 . Figure 10a shows the relation of the analyzed atomic columns from area b (Fig. 9a,b) with the strain map in Fig. 6b . Following the indicated scan direction (arrow) we compare in the diagram in Fig. 10b the number of In atoms in each column ("blue diamonds") with the measured averaged c-axis strain (solid line). As mentioned above the lateral resolution of a strain map is about 0.5 nm and the width of an interface can be determined by fitting to an accuracy of about 0.1-0.4nm 2 . Considering a thickness of this area of 10 unit cells (~32nm, extracted from the GaN analyses in Fig. 7 and 8 ) a strain relaxation in this thin TEM foil takes places. It results in an underestimation of the In concentration (~15%) using a strain map. If we correct for this relaxation by estimating the fully strained situation, that was calibrated with the local indium concentration (ε c /ε a = -0.54 … -0.6 29 -dashed line in diagram) we measure a local In content of ~22% which is 5 % higher than the average and nominal concentration 17%. It is satisfactory to find in Fig. 10b that the data points from our intensity measurement scatter around the strain estimation that accounts for a fully strained situation. The averaged In content per column of 2.31 atoms (37 atoms in 16 data point) and the thickness of 10 unit cells provides an In concentration of ~23%.
. CONCLUSIONS
Up to now the local indium (In) concentration and the degree of In segregation in an InGaN quantum well (QW) was determined by methods with limited resolution, e.g. by local strain analyses from single HRTEM images with a resolution of the size of the lattice parameters (0.5 nm x 0.3 nm). This paper proposes a new and general method using phase contrast microscopy to count single In atoms inside In X Ga 1-X columns of InGaN using sub Ångstrom resolution, a high S/N ratio (sensitivity) that results in a detection ability of light atoms (Z > 5-10). In a gold [110] sample a suitable interpretation of exit wave (EW) amplitude and phase is established. Real and complex values of the channeling electron wave Ψs are considered. The amplitude is strongly peaked at the column positions while the phase is proportional to the column "weight": it increases linearly with thickness with a phase change per atom that is characteristic for the considered element. An easy way to display and interpret the EW values is the channeling map (an Argand plot). In case of gold a 3D thickness map is created. Suitable InGaN/GaN specimen were prepared site specific with a focused ion beam (FIB) process followed by wet KOH etching. This preparation procedure results in unusual smooth sample surfaces. Multi-slice calculations along with simulated EW images were used to validate our approach. We find that our sensitivity suffices to detect a single In atom in a column of Ga atoms. Strain measurements from identical areas are suitable for checking this approach. Such analyses in the thin TEM specimen were performed revealing strain relaxation in the 5 nm thin foil. Compensating for the relaxation we find an average of 22% of indium from strain measurements that compares with 23% of indium content determined by our new method on an identical area of the sample.
